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The present invention relates to polyphase electro 
magnetic systems, and more particularly to polyphase 
transformer systems. 
An object of the invention is to provide a new and im 

proved transformer system, having magnetic circuits of 
alternately opposite polarity, that shall effec-t a trans-forma 
tion between a polyphase electric system of a large nurn 
»ber of phases, which may or may not be sinusoidal, and 
a polyphase electric system, usually of a lesser number of 
substantially sinusoidal phases. 

Another object of the present invention is to provide a 
polyphase electromagnetic system, of more general ap 
plication, which, when provided with means for producing 
an Iassembly of magnetic circuit-s of alternately opposite 
polarity, shall effect a transformation between the said 
means and a polyphase electric system, usually of two or 
three substantially sinusoidal phases. 

Still another object of the present invention is to pro 
vide a new and improved transformer system, similarly 
provided with magne-tic circuits of alternately opposite 
polarity, that shall effect a transformation between two 
polyphase electric systems each of a large number of 
phases which may or may not be sinusoidal. 
A further object of the present invention is to effect 

cancellation of detrimentally operating harmonics, par 
ticularly harmonics above the third. 

Other and yfurther objects will be explained hereinafter 
and will be moreparticularly pointed out in the appended 
claims. _y 

The invention will now> -be more fully explained in con 
nection -with the accompanying drawings, in which Fi-g. 1 
is a 'schematic View illustrating Idiagrammatically, in 
simple form, -for explanatory purposes, a transformer sys 
tem embodying the invention, -for’transforming between 
a polyphase unsymmetrical electric system of nine phases 
and _a symmetrical three-phase substantially sinusoidal . 
electric system, the transformer system being shown pro 
vided with a three-phase transformer core theoretically 
embodying a single-collection assembly of three trans 
former-.core slots; Fig. 2_is a similar‘sohematic View of a 
modified transformer system for effecting the same trans- t 
format-ion, provided with a magnetizalble core embodying 
a single-collection assembly of nine transformer-core slots, 
the upper portion of the magnetizable core-being shown 
three times, once by full lines and twice by dot-and-dash 
lines, in order to indicate diagrammatically that all three 
of the distributed single-phase windings of the three-phase 
winding are wound about the same upper fragmentary 
portion of the magnetizable core, though diagrammatical 
ly `shown sepa-rated, -for clearness; Fig. 3 is a similar sche 
matic view of a transformer system similar to that of Fig. 
2, but provided with a magnetizable core embodying a 
two-collection assembly of transformer-core slots, shown 
arranged geometrically along the circumference of a circle, 
in order the more easily to associate phase angles with 
geometric angles, as an aid to an understanding of the 
theory underlying the present invention; Fig. 4 i-s a frag 
ment-ary similar diagrammatic view illustrating a modified 
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transformer-core structure; Fig. 5 is a schematic diagram 
matic view, similar to the schematic views shown in Figs. 
1 to 3, inclusive, illustrating diagrammatically a trans 
-former system having a conventional rectangular-shaped 
three-phase transformer core, as also shown in Fig. 1, but 
provided with primary and secondary polyphase windings 
both similar to the nine-phase unsymmetrical winding 
shown in Fig. 1; Fig. 6 is a block diagram illustrating a 
transformer system similar to the transformer systems of 
Figs. 2 and 3, but provided with a m-agnetizable core em 
bodying three .collections 0f transformer-core slots; Fig. 7 
is a schematic diagrammatic View of a` single-collection 
-assembly transformer system similar to the transformer 
system shown in Fig. 2, but with a polyphase unsymmetri 
cal Winding having only two distributed phase windings, 
instead of 4a three-phase symmetrical polyphase winding; 
Fig. 8 is a diagram, in Cartesian coordinates, illustrating, 
disregarding the alternately opposite polarity, lthe alter 
hating voltages, assumed to be sinusoidal, induced in unit 
conductor groups, each assumed to have a unit number of 
conductors, one disposed in each of the transformer-core 
-slots illustrated in Figs. 2, 3 and 7; Fig. 9 is a schematic 
diagrammatic view lof a transformer sys-tem similar to the 
transformer system of Fig. l, but with a circular core, in 
order the more easily to associate phase angles with geo 
metric angles, for purposes of explanation; Fig. 10 is a 
diagram, in Cartesian coordinates, illustrating, in their 
true polarity, the alternating magnetic ñuxes, assumed to 
be sinusoidal, produced in the magnetic circuits encircling 
the transformer-core slots shown in Figs. 2 and 7; Fig. ll 
is a schematic diagrammatic View of a single-collection 
-assembly transformer system similar to the transformer 
system shown in Fig. 2, but embodying a circular mag 
netizable core and modified primary and secondary dis 
tributed polyphase windings; Figs. l2 and 13 are diagrams 
illustrating Y and Delta connections, respectively, for the 
three-.phase Winding of Fig. 2; Fig. 14 is a diagram, in 
Cartesian coordinates, explanatory of the component volt 
ages induced in the conductor groups of the distributed 
phase winding corresponding to phase 1 shown in Figs. 2, 
3 and 7, when all the component voltages are assumed 
sinusoidal; Fig. 15 is a diagram illustrating, by means of 
curves, two of the sinusoidal voltage components of Fig. 
14, for explanatory purposes; Fig. 16 is a diagram for 
facilitating the calculation of the magnetomotive forces; 
Fig. 17 is a schematic diagrammatic View of a transformer 
system similar to the transformer system shown in Fig. 9, 
‘but provided wi-th -a magnetizable core embodying a two 
collection assembly of six transformer core slots and with 
‘a two-phase distributed winding disposed therein; Fig. 18 
is a similar View, Ibut illustrating the corresponding single 
collection-assembly transformer system; Fig. 19 is a sche 
matic :diagrammatic view of a transformer system similar 
.to the transformer system of Fig. 18, but provided with a 
conventional three-phase transformer core; Fig. 20 is a 
similar view of a transformer system similar to the trans 
former system of Fig. l, but provided with a nine-phase 
sinusoidally distributed wind-ing having a different geo 
metric and electric orientation; and Fig. 2l is a similar 
view of a transformer system similar to the transformer 
system of Fig. 19, .but provided with a two-phase sinus 
oidally distributed wind-ing having a different geometric 
«and electric orientation. 
The polyphase transformer system of the present in 

vention may be constituted of a magnetizable core and 
primary and secondary polyphase windings associated 
with that core. The magnetizable core may be laminated, 
as in other transformers, and it may be of conventional 
type or, as will presently be explained, it may be of spe 
cial type. The primary and secondary polyphase wind 
ings associated >with the magnetizable core may be suit 
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ably connected to respective primary and secondary poly 
phase electric systems. 

ln the lower portion of each of Figs. 2 and 7, the trans 
former system of the present invention is shown, by l’ull 
lines, provided with a rectangular-shaped transformer 
core Sd? having nine rectangular-shaped slots, constitut 
ing an assembly, equally spaced along a straight line. lin 
Fig. ll, the transformer-core 5d? is shown circular and 
the nine slots thereof are shown trapezoidal, equiangu 
larly spaced along the circumference of a circle. ln the 
central. portion of Fig. 3, on the other hand, the tr;V 
former core is shown, also by full lines, of circular shape 
and provided with eighteen trapeZoidal-shaped slots, also 
constituting an assembly, also equiangularly spaced along 
the circun'tference of a circle. ln other ñgurcs, there :nic 
shown still other geometric configurations. The 
geometric arrangement of transformer-core slc 
trat'ed in Figs. 2 and 7, the circular geometric 
ment of transformer-core slots of Figs. 3 and lil t 

without signiñcance. In the practical applications or" the 
invention, the transformer-core slots may be arranged in 
sequence according to any desired geometric pattern. The 
circular arrangement shown in Fig. 3 lends itself simply 
to associating phase angles with geometric angl-cs, and to 
dealing with trigonometric functions. rthe linear arrange 
ment shown in Figs. 2 and 7, on the other hand, represents 
a more practical form in which to embody the invention. 
The transformer-core slots of Figs. 2, 7 and ll, for eX 

ample, are shown at 1 to 9, and those of Figs. 3 at' l to Mi. 
in these Figs. 2, 3, 7 and ll, the transformer-core slots 
are shown all of the same size, all of the same rectangular 
or trapezoidal shape, and all surrounded or bounded by 
equal portions of the magnetizable core 547. The trape 
zoidal shape shown in Figs. 3 and ll .is essentially the 
same as the rectangular shape. The transformer-core 
slots are shown trapezoidal in Figs. 3 and ll, with the 
trapezoids tapering inwardly toward the center of the 
circle, merely for thc purpose of compactness ot showing 
in these Figs. 3 and ll. 
The transformer-core slots are shown, in the circular 

arrangements of Figs. 3 and ll, separated. by radial trans 
former-core sections, teeth or legs 41 to 58- and 4l to 49, 
respectively. The transforn'icr-core slots of the rectangu 
lar-shaped cores of Figs. 2 and 7 are similarly shown sep 
arated by corc sections, teeth or legs. ln the circular' 
arrangement of Figs. 3 and ll., each two adjaccntly dis 
posed transformer-core slots are separated by t 
`Former-core section, tooth or leg, and each two ad cntly 
disposed transformer-core sections, teeth or are scp 
urated by a transformer-coro slot. The same is truc ' ' 
of the rectangular-shaped cores illustrated in Figs. 2 
7. There is, of course, an exception to this statement in 
connection with the end transformer-core sections, teeth 
or legs of the rectangular-shaped corc illustri'tted in Figs. 
2 and 7. 
The eighteen transformer-core slots 1 to 1S of Fig. 3 

will be referred to as an assembly of two similar collec 
tions, each of nine transformer-core slots l to 9 and l@ 
to 18, respectively. The nine transformer-core slots E. 'to 
9 will be referred to as a positive collection of trans 
former-core slots, and the nine transformer-core slots li) 
to 13 as a corresponding negative collection of trans 
former-«core slots. The transformer-core slots 5 end 14 

will be referred to as the central transformer-core c of the respective positive and negative collections of tix, s 

former-core slots .lt to 9 and Iii to i8. 
The assembly of transformer-core slots 1 to 9 of Figs. 

2, 7 and il, of course, is constituted of only a single col 
lection of nine transformer-core slots. 
Each or" the transformer-core slots l to 1S is encircled 

by a magnetic circuit energized with alternating magnetic 
flux initially through the action of the primary current. 
These magnetic circuits are represented diagrammatically 
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4 
in Fig. 3 by means of single dashed lines. The magnetic 
circuit encircling the transformer-core slot 5, for example, 
comprises the two adjacently disposed radial sections, 
teeth or legs 45 and 46, a part of the outer peripheral por 
tion $3, and a part of the inner peripheral portion 20 of 
the transformer core 547. 
The magnetic circuits encircling the transformer-core 

slots 1 to 18 of Fig. 3 will likewise be referred to as an 
assembly of two similar' collections, each of nine magnetic 
circuits. The collection of nine magnetic circuits respec 
tively encircling the positive collection of transformer 
core slots 1 to 9 will be referred to as the positive collec 
tion of magnetic circuits and the collection of nine mag 
netic circuits respectively encircling the negative collec 
tion of transformer-core slots 10 to 18 as the correspond 
ing negative collection. 

'the collection of transformer-core slots 1 to 9, shown 
linearly arranged in Figs. 2 and 7 and circularly arranged 
in l l, and the collection of magnetic circuits respec 
tively encircling them, may also be referred to as assem 
blies of transforn‘ier-core slots and transformer magnetic 
circuits, respectively, each assembly comprising only a 
single collection. 
As will appear hereinafter, the transformer system of 

the present invention is not restricted to use with an 
assembly of only one or two collections of transformer 
core slots and transformer magnetic circuits. The as 
sembly may comprise also three, four or any other con 
venir-:nt number of collections of transformer-core slots 
and transformer magnetic circuits. 
The magnetizable core 547 of Fig. 3 is shown provided 

with a polyphase winding comprising eighteen phase wind 
ings lzl to 18d respectively wound through the transform 
er-core slots 1 to 18 around the inner peripheral portion 
20 of the magnetizable core 547 included between the in 
ner circular periphery 40 and the inner boundaries 39 of 
these transformer-core slots. In Figs. 2 and 7, the nine 
phase windings 1d to 9d are shown similarly wound 
through the respective transformer-core slots 1 to 9 
around the corresponding portion of the magnetizable 
core 547. These eighteen phase windings 1d to 18d are 
illustrated as like phase windings, identical in all respects, 
each having two terminals, and all provided with the same 
number of conductors or turns. They may be referred 

_ to as individual concentrated phase windings, to distin 
guish them from the hereinafter more fully described dis 
tributed phase windings. For purposes of theory only, 
the phase windings 1d to 18d are shown wound in alter 
nately' opposite directions from transformer-core slot to 
transformer-core slot. In the practical machine, the same 
result would be obtained simply by reversing the connec 
tions to alternately disposed members of these phase 
windings 1d to 18d. 
As will be explained later, the operation of the trans 

former system of the present invention is reversible. The 
windings 1d to 18d may therefore function either as pri 
mary or secondary windings. For the present, however, 
the windings 1d to 18d will be regarded as the primary 
windings. 
The nine phase windings 1d to 9d of Figs. 2 and 7 and 

the eighteen phase windings 1d to 18d of Fig. 3 may be 
excited from respective po‘lyphase input-supply systems, 
not shown, of nine and eighteen alternating or cyclically 
varying phases of equal amplitude that are substantially 
equally phase-displaced over a total' range of. phase dis 
placement of 1r or 180 degrees and 21r or 36() degrees, 
respectively. The phase displacement of adjacently dis 
posed windíngs 1d to 18d, therefore, is 20 electric de 
grecs, and the displacement of diametrically oppositely 
disposed windings of Fig. 3 is 1r or 180 degrees. The 1r 
or 130 degree phase displacement arises from the progres 
sive phase displacement ofthe windings 1d to 18d, and' 
not from a change in the polarity or the direction of the 
windings. Resulting from the alternately opposite direc 
tion of winding or of connection, the phase displacementv 



£390,131 

ofthe currents supplied to adiacently disposed transform 
er-core slots by the windings, on the other hand, is 20 
plus 1r or 180 or 200 electric degrees, and the currents 
supplied to diametrically oppositely disposed transformer 
core slots of Fig. 3 are of the same phase. In the latter 
case, the 1r or 180 degree phase difference of the diametri 
cally oppositely disposed windings is cancelled by their 
opposite directions of winding. 
The alternating currents respectively supplied to the 

transformer-core slots 1 to 18 by the respective phase 
windings 1d to 18d, being of alternately opposite polarity 
and phase-displaced only 20 e‘lectric degrees from trans 
former-core slot to transformer-core slot, produce alter 
nating magnetic fluxes in the magnetizable core 547 that 
are confined to substantially independent magnetic cir 
cuits which respectively encircle the transformer-core slots 
1 to 18. A system of magnetic circuits is thus produced 
that is stationary with respect to the magnetizable core 
547. As previously explained, these magnetic circuits are 
diagrammatically represented in Fig. 3 by means of single 
dashed lines. 

Similarly, in the single-collection assembly of Figs. 2 
and 7, the supplied currents produce alternating magnet 
ic fluxes in the magnetic circuits respectively encircling 
the transformer-core slots 1 to 9 that are phase~displaced 
20 plus 1r or 180 or 200 magnetic degrees from magnetic 
circuit to magnetic circuit of the single-collection assem 
bly of magnetic circuits. In Fig. l1, wherein the trans 
former-core slots 1 to 9 are shown in a circular arrange 
ment, the same is true also of the alternating magnetic 
iiuxes produced in the adjacently disposed transformen 
core slots 1 and 9. 
The magnetic energy or magnetic flux, of either the 

singlecollection assembly of Figs. 2 and 7 or the two 
collection assembly of Fig. 3, will be referred to herein 
as a magnetic pattern. It represents the aggregate of an 
assembly of one or more collections of individual alter 
nating magnetic fluxes, each collection being associated 
with a total range of phase displacement, disregarding the 
alternately opposite polarity, of substantially 1r or 180 
magnetic degrees. 
According to the modification of the invention illus 

trated by Fig. 4, the magnetic circuits encircling the 
transformer-core slots 1 to 18, instead of being provided 
in a core which is continuous throughout the circumfer 
ence, are respectively confined to separated laminated 
core sections tive of which, respectively encircling the 
transformer-core slots 3 to 7, are respectively shown at 
1103 to 1107. Whether or not air gaps between the sec 
tors are employed, the respective magnetic circuits are 
substantially complete in themselves, and independent of 
one another. ’ 

Magnetomotive forces and corresponding magnetic 
liuxes having a similar total range of phase displacement 
may be obtained with any like windings, equal in num 
ber to the number Of magnetic circuits, equiangularly 
spaced throughout the periphery. For example, in Fig. 
l1, the like phase windings 1d to 18d are each shown 
disposed, not in a separate transformer-core slot, as illus 
trated in Figs. 2, 3 and 7, but in two adjacently disposed 
transformer-core slots, thereby encircling the radial trans 
former-core section, tooth or leg disposed between these 
adjacently disposed transformer-core slots. The phase 
winding 1d, for example, is disposed in the transformer 
core slots 1 and Z, thereby encircling the radial trans 
former-core section, tooth or leg 42, and the phase wind 
ing 2d is similarly disposed in the transformer-core slots 
2 and 3, thereby encircling the radial transformer-core 
section, tooth or leg 43. Two adjacently disposed phase 
windings are therefore disposed in each transformer-core 
slot. 

For the purpose of comparing, in other respects, the 
relative merits of disposing each of the phase windings 
1d to 18d in a separate slot, as illustrated by Figs. 2, 3 
and 7, and two adjacently disposed transformer-core slots, 
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as illustrated by Fig. ll, it will be assumed that the 
same number of conductors is disposed in each trans 
former-core slot in each of these arrangements. Assum 
ing that the phase windings 1d to 18d are all alike, 
therefore, they will each have half as many turns in the 
arrangement of Fig. l1 as in that of Figs. 2, 3 and 7. 
For diagrammatic purposes, each of the phase windings is 
shown in Fig. l1 composed of two turns, thereby provid 
ing four conductors in each transformer-core slot. 
The magnetomotive forces produced in the transformer 

core slots 1 to 9 of Fig. 11 are exactly the same as the 
magnetomotive forces produced in the transformer-core 
slots 1 to 9 of Figs. 2, 3 and 7, though half the mag 
netomotive force produced in each transformer-core slot 
of Fig. ll is provided by each of the two phase windings 
disposed therein. Since the two magnetomotive-force 
contributions to each transformer-core slot are displaced 
20 degrees, the magnetomotive forces produced in the 
transformer-core slots 1 to 9 of Fig. ll are displaced 
l0 degrees and they are smaller, although by a very small 
amount, than the magnetomotive forces produced in the 
transformer-core slots 1 to 9 of Figs. 2, 3 and 7. From 
a practical viewpoint, either arrangement provides mag 
netomotive forces of substantially the same peak ampli 
tude, and, disregarding the alternately opposite polarity, 
these magnetomotive forces are equally phase displaced 
over a total range equal to 1r or 180 degrees. 
Owing to the fact that the primary windings 1d to 18d 

of Figs. 2, 3, 7 and ll are all alike, the primary currents 
produce substantially likev magnetomotive forces in the 
transformer-core slots within the respective magnetic cir 
cuits. These substantially like magnetomotive forces re 
spectively energize the magnetic circuits with alternating 
magnetic tìux of the same wave form and the same peak 
amplitude. For present introductory purposes, it will be 
assumed that these alternating magnetic fluxes are sinus 
oidal, resulting from sinusoidally impressed voltages 
upon the primary windings 1d to 18d. 

Relative sinusoidal values of the alternating magnetic 
energy or fluxes encircling the transformer-core slots 1 
to 18 will be plotted in Cartesian coordinates. The rela 
tive unity or 1.000 peak value of the sine function may 
represent the peak value attained by each of these alter 
nating magnetic iiuxes. 
The alternating magnetic fluxes, assumed to vary sinus 

oidally, of the magnetic circuits encircling the trans 
former-core slots of the positive collection of transformer 
core slots 1 to 9 of Fig. 3, or the single collection of 
transformer-core slots 1 to 9 of Figs. 2, 7 and 1l, are 
represented in Fig. l0, in their true polarity, by the curves 
qb, to ¢„. The origin of coordinates is so chosen, in 
Fig. l0, that, at a particular instant of time, representing 
the zero-degree magnetic angle, the positive relative peak 
amplitude, assumed unity or 1.000, of the curve 9&5, rep 
resenting the alternating magnetic ñux of the magnetic 
circuit encircling the centrally disposed transformer-core 
slot ‘5, lies on the axis of ordinates. The alternating 
magnetic fluxes of the magnetic circuits encircling dia 
metrically opposed transformer-core slots, representing 
the negative collection of transformer-core slots of the 
two-collection assembly of Fig. 3, are duplicates. The 
magnetic flux of the magnetic circuit encircling the trans 
former-core slot 10, as an illustration, is precisely the 
same as the magnetic flux of the magnetic circuit encir 
cling the transformer-core slot 1, and it is represented 
by the same curve (p1. 
A feature of the present invention resides in an elec 

tromagnetic system comprising the heretofore-described 
assembly of collections of magnetic circuits and a novel 
distributed polyphase winding which, as will be explained 
hereinafter, may be provided with two, three, or any 
other desired number of distributed phase windings. 
This feature of the invention is not necessarily restricted 
to a transformer system and, therefore, it may or may not 
be employed in combination with a further polyphase 
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it may be associated with a phase-sequence angle of zero 
degrees. Disregarding the alternately opposite polarity, 
the alternating magnetic fluxes of the magnetic circuits 
encircling the transformer-core slots 1 to 18 being respec 
tively 10, 30, 50, 70, 90, 1l0, 130, 150, 170, 190, 210, 
230, 250, 270, 290, 310, 330 and 350 magnetic degrees 
behind the positive reference phase, the transformer-core 
slots 1 to 18 may be associated with phase-sequence 
angles which are respectively the same as the previously 
described geometric-sequence or slot angles. 
From considerations of theory, the range ot' the phase 

sequence angles of any practical collection of transformer 
core slots, represented, in Figs. 2, 3 and 7, by the 160 de 
grees of the collection of nine transformer-core slots 1 
to 9 or 10 to 18, will be regarded as embracing substan 
tially the theoretical range zero to 1r or 180 degrees; and 
the range of the phase-sequence angles of any practical 
two-collection assembly of transformer-core slots, repre 
sented by the 340 degrees of the two-collection assembly 
of eighteen transformer-core slots 1 to 18, will similarly 
be regarded as embracing substantially the theoretical 
range zero to 211- or 360 degrees. 

In Fig. 3, the conductor groups of the phase 1 distribut 
ed secondary winding disposed inthe central transformer 
core slots 5 and 14 are shown each provided with the 
maximum relative number of conductors, represented as 
1.000 or unity. They are indicated in Fig. 3 as provided 
with tive conductors. A similar showing appears in the 
central transformer-core slot 5 of Figs. 2 and 7. The 
conductor groups of the phase 1 distributed secondary 
phase winding disposed in the transformer-core slots 4, 
6, 13 and 1S are similarly shown in Fig. 3 each provided 
with four conductors, to represent approximately the rela 
tive number 0.940. Though the ratio 5 to 4 is some 
what less than the ratio 1.000 to 0.940, the approximate 
diagrammatic showing of tive conductors to represent the 
1.000 conductor group and of four conductors to repre 
sent the 0.940 conductor group serves well enough for 
illustrative purposes. 
The conductor groups of the phase 1 distributed sec 

ondary phase winding disposed in the transformer-core 
slots 3, 7, 12 and 16 are similarly shown in Fig. 3 as 
provided with three conductors to represent approximately 
the value 0.766, the conductors groups of the phase 1 
distributed secondary phase winding disposed in the trans 
former-core slots 2, 8, 11 and 17 with two conductors to 
represent approximately the value 0.500, and the con 
ductor groups of the phase 1 distributed secondary phase 
winding disposed in the transformer-core slots 1, 9, 10 
and 18 with one conductor to represent approximately 
the value 0.174. The ratios 3:2:1 are sufficiently near 
the ratios 0.766:0.500:0.174 to serve well enough for 
illustrative purposes. 
To provide substantially equal phase displacement of 

the three distributed phase windings of Fig. 3, the total 
angular ranges corresponding to the phase 2 and phase 3 
distributed phase windings are respectively displaced with 
respect to the total angular range corresponding to the 
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phase 1 distributed phase winding substantially 21r/ 3 or , 
120 degrees and 41:-/3 or 240 degrees in the direction ot 
the phase sequence. In this case, and in all similar cases, 
the angular displacement with respect to one another of 
the total angular ranges corresponding to the respective 
phase windings is an angular amount substantially equal 
to the phase displacement of the respective phase wind 
ings of the polyphase winding. 

Accordingly, to the 0 to 21r or 360 degree total angular 
range corresponding to the phase 1 distributed secondary 
phase winding, there corresponds, in Fig. 3, the total 
angular ranges (0-120) to (Zvr or 360-120) degrees and 
(0-240) to (21r or 360-240) degrees for the phase 2 and 
phase 3 distributed secondary windings, respectively. 
The conductor groups ot the phase 2 and phase 3 dis 

tributed secondary phase windings of Fig. 3, similarly dis 
tributed over their respective total angular ranges, are 
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duplicates of the conductor groups of the phase l disJ 
tributed phase windings, but respectively displaced coun 
terclockwise 21r/3 or 120 and 411-/3 or 240 degrees, re 
spectively. They are duplicates, however, only because 
the particular number 18 of magnetic circuits or trans 
former-core slots is divisible by three7 the particular num 
ber of distributed phase windings. 

In the two-phase single-collection assembly of Fig. 7, 
wherein the displacement of the total angular ranges is 
only 1r/ 2 or 90 degrees, because, in this case, the number 
18 of transformer-core slots or magnetic circuits is not 
divisible by four, the conductor groups of the phase 2 dis 
tributed secondary phase winding are different, although 
arrived at in exactly the same manner. In Fig. 7, the 
decimal fractions 0.985, 0.866, 0.643, 0.342, 0.000, 0.342, 
0.643, 0.866 and 0.985, respectively indicating the num 
bers of conductors of the conductor groups of the phase 2 
distributed secondary phase winding disposed in the trans 
former-core slots 1 to 9, are respectively the absolute 
or positive numerical values of the sine of 280, 300, 320, 
340, 360, 20, 40, 60 and 80 degrees, the geometric-se 
quence or phase-sequence angles associated with the re 
spective transformer-core slots decreased by 1r/2 or 90 
degrees, the displacement of the respective total angular 
ranges. 
A conductor group of each phase winding is thus dis 

posed in each transformer-core slot. In Fig. 7, the trans 
former-core slots 5 and 14, representing a limiting case, 
are shown unprovided with conductor groups correspond 
ing to the phase 2 distributed secondary phase winding. 
This, however, is only an apparent, and not a real, excep 
tion to the rule. It would occur in all such cases Where 
the angle corresponding to that conductor group is equal 
to zero or a multiple of 1r or 180 degrees. As required 
by the sine law, such a conductor group would have 
zero conductors, and would be indicated as 0.000. With 
this explanation, and including this limiting case, it may 
be said that each distributed secondary phase winding 
has a number of conductor groups substantially equal to 
the number of transformer-core slots, that a conductor 
group of each distributed secondary phase winding is 
disposed substantially in each transformer-core slot and 
the magnetic circuit encircling such transformer-core slot, 
and that the number of conductors of the conductor 
groups of each distributed secondary phase winding varies 
substantially as the absolute or positive numerical values 
of the sine over a total range substantially equal to 1r or 
180 degrees multiplied by the number of collections of 
magnetic circuits or transformer-core slots at angular in 
crements each substantially equal to the total range divid 
ed by the number of magnetic circuits or transformer 
core slots. 
To provide the required number of conductors of the 

conductor groups of the phase 1 distributed winding, an 
endless coil or Winding is wound through each of the 
transformer-core slots 1 to 18 of the full-line transformer 
core 547 of Figs. 2, 3 and 7. A 0.174 coil or winding 
is shown wound through each of the transformer-core 
slots 1, 9, 10 and 18, a 0.500 coil or winding through each 
of the transformer-core slots Z, 8, 11 and 17, a 0.766 coil 
or winding through each of the transformer-core slots 3, 
7, 12 and 16, a 0.940 coil or winding through each of the 
transformer-core slots 4, 6, 13 and 15, and a 1.000 coil 
or winding through each of the transformer-core slots 5 
and 14. Each of these coils or windings provides a num 
ber of conductors to the transformer-core slot in which 
it is disposed equal to the number of turns of that coil 
or Winding. 

That, however, constituted only one expedient for ar 
riving at the desired result. A further example, as an 
other illustration, is afforded by Fig. 11. ln this Fig. 
11, the relative number of turns per coil ot the phase 
1 sinusoidally distributed phase winding is represented 
by the 0.174, 0.326, 0.440, 0.500, 0.500, 0.440, 0.326 
and 0.174 windings. A 0.174 winding is shown disposed 
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in the transformer-core slots 1 and .7., so as to enclose 
the radial transformer-core section dit; a 0.326 winding 
in the transformer-core slots 2 and 3, so as to enclose 
the radial transformer-core section 43; a 0.440 winding 
in the transformer-core slots 3 and so as to enclose 
the radial transformer-core section 4tlg and a 0.500 wind 
ing in the transformer-core 4 and :7, as to enclose the 

radial transformer-core section A 0.174 winding disposed also in the transformer-core slots 3 and 9, so 

as to enclose the radial transformer-core section 49; a 
0.326 winding in the transformer-core slots ‘"7 and S, so 
as to enclose the radial transformer-core `section 4S; a 
0.440 winding in the transformer-core slots 6 and 7, so 
as to enclose the radial. transformer-core section 47; and 
a 0.500 winding in the transimmer-core slots S and 6. 
so as to enclose the radial transformer ,ore sf- tion d6. 
The relative number ot` conductors in the transformer 

Co're slots l. and 9, therefore, is 0.174; the relative num 
ber of conductors in the transformer-core slots 2 and 
'ô is 0.l74-1,-0.326, or 0.500; the relative number of con 
ductors in the transformer-core slots .3 and 7 is 0.3264 
0440, or 0.766; the relative number ol’ conductors in the 
transformer-core slots ¿i and 6 is 04401-0500, or 0.940; 
and the relative number of conductors in the transformer 
core slot 5 is 05004-0500, or 1.000. 
The same relative number of conductors per slot, 0.174, 

0.500, 0.766, 0.940 and 1.000, is thus arrived at with 
the employment ot' the relative number ot’ turns per wind 
ing or coil shown in Fig. ll that was obtained with the 
relative number of turns per winding or coil illustrated 
in Figs. 2, 3 and 7, merely by a ditliercnt disposition of 
the coils or windings in the various transformer-core 
slots. 

Tn the arrangement of Fig. ll, as in that oi’ Figs. 2, 3 
and 7, moreover. the coils or windings arc shown cnd 

or continuous. lt will be obvious, however, that 
the desired relative number ol’ conductors per slot may 
be arrived at by other types or“ windings also. The 
above examples do not, of course, exhaust the methods 
of distributing the conductor groups in the various trans 
former-core slots. 

in the arrangements of s. 2, 7 and il, the number 
of collections is one and, in the arret ement ot’ 3, 
the number ol’ collections is two. To represent the gcn 
cral case, there is illustrated in Fig. 6, by means of a 
blo-ck diagram, a three-collection assembly _pro‘v'ided with 
27 concentrated primary windings 1d to 27d and three 
distributed secondary phase windings corresponding to 
'phase l, _phase 2 and phase 3. The angular increment 
in each of these Iigures is equal to the total angular 
range, 1r or 180 degrees multiplied by the number of 
collections, in this case thrcf‘ divided by the number 
of magnetic circuits or tran ._ormer-corc slots in each 
assembly, namely 27, or 20 de rees. The angular in 
crement will, of course, vary ending upon the num 
ber ot. transformer-core slots o1 . agnetic circuits in each 
collection. rlfhe sequence of these angular increments 
is the same as phase sequence. 
The direction ot' winding of the conductors of the 

conductor groups of each distributed phase winding 
changes alternately with, and with the negative of. the 

et" the alternating function that determines thc nurn 
hcrs ot conductors ol' the respectivo conductor groups. 
For uni o‘mity, and in accordance with this method ot’ 
wir ' , the direction of winding is shown hereinv chang 
ing wila the sign ot the sine in the odd-numbered trans 
former-core slots and with the negative of the sine in 
the even-numbered transt’ormer-core slots. 
The conductor groups of each distributed phase wind 

ing are connected in series along the above-described 
directions ot winding into the i aective phase-winding 
circuits. Although the conductor groups oli each dis 
tributed phase winding may be connected in series in 
any desired sequence, for uniformity and simplicity, they 
are shown herein connected into the respective phase 
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winding circuits in the order of their geometric or phase 
sequence. The directions of winding will be readily un 
derstood following a discussion of the respective phase 
winding circuits. 
The series circuit of the phase 1 distributed secondary 

phase winding is shown in Figs. 2, 3 and 7 extending 
from a line conductor 350, through the 0.174 coil or 
winding disposed in the transformer-core slot 1, and, by 
way of a conductor 351, to one end of the 0.500 coil 
or winding disposed in the transformer-core slot 2. The 
series distributcd-phase-winding circuit continues through 
this 0.500 coil or winding, by way of a conductor 352, 
through the 0.766 coil or winding disposed in the trans 
former-core slot 3, by way of a conductor 353, through 
the 0.940 coil or winding disposed in the transformer 
ccrc slot 4, and, by way of a conductor 354, through the 
1.000 coil or winding disposed in the central transformer 
core slot 5. From this 1.000 coil or windin", the series 
distributcd-phase-winding circuit continues, by way ot 
a conductor `355, through the 0.940 coil or winding dis 
posed in the transformer-core slot 6, by way of a con 
ductor 356, through the 0.766 coil or winding disposed 
in the transformer-core slot 7, by way of a conductor 
357, through the 0.500 coil or winding disposed in the 
transformer-core slot 8, and, by way of a conductor 
358, through the 0.174 coil or winding disposed in the 
transformer-core slot 9, to another line conductor 359. 

This completes the circuit of the series phase 1 dis 
tributed secondary phase winding disposed in the trans 
former-core slots of the positive collection of transformer 
core slots 1 to 9. The connections of the coils or wind 
ings are such that ‘the direction of. winding of the con 
ductor groups disposed in the odd-numbered transformer 
core slots is in an assumed positive direction, downward, 
away from the reader, and the direction. of winding of. 
the conductor groups disposed in the evenf umbered 
transformer-core slots is in the opposite or negative di 
rection, upward, toward the reader. 

ln the arrangement of Fig. 3, the conductor 359 is 
shown connecting together the 0.174 coils or windings dis 
posed in the transformer-core slots 9 and 10, but with 
a reversal in the direction of connection. From here on, 
the connections constitute a repetition of the connections 
already described. The series pbase l distributed-phase 
winding circuit continues through the 0.174 coil or windi g 
disposed in the transformer-core `slot 10, by way of a 
conductor 360, through the 0.500 coi] or winding disposed 
in the transformer-core slot 11, by way of a conductor 
361, through the 0.766 coil or winding disposed in. the 
transformer-core slot 12, by way of a conductor 362, 
through the 0.940 coil or Winding disposed in the trans 
former-core slot 13, by way of a conductor 363, through 
the 1.000 coil or winding disposed in the central trans 
former-core slot 14, by way ot' a conductor 364, through 
the 0.940 coil or winding disposed in the transformer 
core slot l5, by way of a conductor 365, through the 0.766 
coil or winding disposed in the transformer-core slot 16, 
by way of a conductor 366, through the 0.500 coil or wind 
ing disposed in the ‘transformer-core slot 17, and, by way 
of a conductor 367, through the 0.174 coil or winding 
disposed in the transformer-core slot 18, to a line con 
ductor 368. These connections of the coils or windings 
are such that the direction of winding is again reversed 
alternately, from transformer-core slot to transformer 
core slot, but, this time, in such manner that the direction 
ot winding in the even-numbered transformer-core slots is 
positive, and that in the odd-numbered transformer-core 
slots is negative. 
The 0.174 coil or Winding disposed in the transformer 

core slot 10 is so connected into the series _phase-winding 
circuit, by the conductor 359, that thc direction ol? wind 
ing in the transformer-core slot 10 is in the same positive 
direction as the direction of winding of the 0.174 coil or 
winding disposed in the transformer-core slot 9. The 
directions of winding in the end slots 9 and 10 of the 
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respective positive and negative collections are therefore 
in the same direction, and not in opposite directions. 
The connecting conductors by means of which the coils 

or windings of the phase 2 and phase 3 distributed sec 
ondary windings of Fig. 3 are series-connected into their 
respective phase-winding circuits are shown numbered 
with the same reference numerals as for phase 1, but aug 
mented by 100 for phase 2 and by 200 for phase 3. 

In the single-collection assembly of Fig. 2, the phase 
2 distributed secondary phase winding is illustrated as 
constituted of that half of lthe phase-winding circuit that 
is connected between the conductors 462 and 453 which, 
in Fig, 2, may therefore be referred to as line conductors. 
The two numerals 450 and 468 are applied to the same 
single conductor connecting the conductor groups disposed 
in the transformer-core slots 6 and 7, to conform with 
the showing of Fig. 3, in which this same single conductor 
is broken to provide the line conductors 450 and 468 for 
the phase 2 distributed secondary phase Winding. 
The series circuits of the conductor groups of the vari 

ous distributed windings comprise complete phase wind 
ings which may be connected either in delta or Y. The 
delta and Y connections for the assembly shown in Fig. 
2 are respectively illustrated diagrammatically in Figs. 
l2 and 13. 
In the single-collection assembly of Fig. 7, the conductor 

groups of the phase 2 distributed secondary phase wind 
ing, previously described as diiîerent from the conductor 
groups of the phase l distributed secondary phase Wind 
ing, may be connected into a somewhat similar phase 
winding. This phase winding, corresponding to phase 
2, may be traced, with a negative direction of winding, 
from the line conductor 370, through the 0.985 conductor 
group disposed in the transformer-core slot 1, with a posi 
t-ive direction of Winding, by way of a conductor 371, 
through the 0.866 conductor group disposed in the trans 
former-core slot 2, with a negative direction of winding, 
by way of a conductor 372, through the 0.643 conductor 
group disposed in the transformer-core slot 3, and, with 
a positive direction of winding, by Way of a conductor 
373, through the 0.342 conductor group disposed in the 
transformer-core slot 4. Then, with a negative direction 
of winding, this series phase-winding circuit continues, by 
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way of the conductor 374, through the 0.342 conductor ‘ 
group disposed in the transformer-core slot 6, with a posi 
t-ive direction of winding, by way of the conductor 375, 
through the 0.643 conductor group disposed in the trans 
former-core slot 7, with a negative direction of wind 
ing, by way of the conductor 376, throughthe 0.866 con 
.ductor group disposed in the transformer-core slot 8, 
and, finally, with a positive direction of winding, by way 
of a conductor 377, through the 0.985 conductor group 
disposed in the transformer-core slot 9, to a conductor 
378. The conductors 359 and 378 of the respective phase 
l and phase 2 distributed secondary phase windings are 
shown in Fig. 7 connected toa common line conductor 
379. 
The connections of this circuit also provide alternately 

opposite directions of winding from transformer-core slot 
to transformer-core slot, with a reversal of connections, 
where the sine changes sign, through the medium of the 
conductor 374. 
The series circuit of the phase l distr-ibuted secondary 

phase winding diagrammatically illustrated in Fig. 11 may 
similarly be traced by Way of the line conductor 651, 
through the 0.174 Winding disposed in the transformer 
core slots 1 and 2, by way of a conductor 652, through 
the 0.326 winding disposed in the transformer-core slots 
2 and 3, by way of a conductor 653, through the 0.440 
winding disposed in the transformer-core slots 3 and 4, 
by way of a conductor 654, through the 0.500 winding 
disposed in the transformer-core slots 4 and 5, by way 
of a conductor 655, through the 0.500 winding disposed in 
the transformer-core slots 5 and 6, by way of a conductor 
656, through the 0.440 winding disposed in the trans 
former-core slots 6 and 7, by way of a conductor 657, 
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through the 0.326 winding disposed in the transformer- 
core slots 7 and 8, and, by way of a conductor 658, 
through the 0.174 Winding disposed in the transformer 
core slots S and 9, to the line conductor 659. 

In the single-collection assembly of Fig. 1l, the con 
ductor groups of the phase 2 and phase 3 distributed sec 
ondary phase windings are shown connected into re 
spective series phase-winding circuits identical to the 
series phase-winding circuit of the phase 1 distributed 
secondary winding. To illustrate this similarity, the con 
necting conductors by means of which the coils or wind 
ings of the phase 2 and phase 3 distributed secondary 
windings of Fig. 1l are series-connected into their respec 
tive phase-winding circuits are shown numbered with 
the same reference numerals as for phase 1, but aug 
mented by 10 for phase 2 and by 20 for phase 3. 

It is possible thus to have like distributed phase wind 
ings in a single-collection transformer system of the pres 
ent invention when the transformer core embodies an 
odd number of transformer-core slots and the number of 
distributed secondary phase windings is a factor of the 
number of transformer-core slots. Under such conditions, 
the conductor groups associated with angular values dif 
tering by 1r or 180 degrees, in addition to having the same 
number of conductors, because of the alternately oppo 
site polarity from transformer-core slot to transformer 
core slot, also have the same direction of winding. How` 
ever, in Fig. l1, the center lines of the phase 2 and phase 
3 windings are indicated as negative, because these center 
lines are associated with an angular value of 31r/2 or 
270, rather than 1r/ 2 or 90 degrees. 
The connections of the series phase-winding circuits 

of Fig. ll, like the connections of t‘ne series phase-wind 
ing circuits of Figs. 2, 3 and 7, provide alternately oppo 
site directions of winding from transformer-core slot to 
transformer-core slot, with a reversal of connections 
where the sine changes sign. 
For analytical purposes, it will be íìrst assumed that, 

in each transformer-core slot, there is disposed a conduc 
tor group of the same number of turns or conductors, 
and that these conductor groups, like the individual con 
centrated primary windings 1d to 18d of Figs. 2, 3 and 
7, are wound in alternately opposite directions through the 
transformer-core slots 1 to 1S. This number of turns or 
conductors will hereinafter be referred to as the unit num 
ber of turns or conductors, and the conductor group ern 
bodying such unit number of turns or conductors will be 
referred to as the unit conductor group. 
The equal alternating voltages induced in the unitcon 

ductor groups disposed in the various transformer-core 
slots may be termed unit voltages, and their peak ampli 
tudes may also be taken as unity. Assuming ̀a sinusoidal 
wave form, the unit voltages induced in unit conductor 
groups respectively disposed in the transformer-core slots 
1 to 9 of Figs. 2, 7 and 11 may be represented by the 
curves e1 to e9 of Fig. 8. To avoid the confusion that 
would be introduced by nine additional curves, the volt 
ages induced in unit conductor groups respectively dis 
posed in the transformer-core Islots 10 to 18 of Fig. 3 
may be represented by means of the respective vectors 
ero to eis of Fig. 8. Each of these vectors, positioned on 
the axis of abscissae at the point at which occurs the cor 
responding peak unit or 1.000 value, represents a sinusoi 
dal variation of exactly the same type as do the curves 
e1 to es. 

In each distributed-phase-winding conductor group, a 
voltage will be induced proportional to the number of 
conductors or turns in the conductor group. Each such 
induced voltage, for reasons which will become apparent, 
will be referred to as a component voltage. 

Referring to Fig. 14, the component voltage induced 
in the conductor group disposed in the transformer-core 
slot 1, represented by the sinusoid E1, is equal to the cor 
responding unit voltage e1 multiplied by the sine of the 
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10 degreephase-sequence angle associated with the trans 
former-core slot 1, or 

The component voltage induced in the `conductor group 
disposed in the transformer-core slot 2, represented by 
the sinusoid E2, is similarly equal to the corresponding 
unit voltage e2 multiplied by the sine of the 30 degree 
phase-sequence angle associated with the transformer 
core slot 2, or 

E2=e2 sin 30° 
and so on. 

Since the number of conductors of the conductor 
groups of the transformer-core slots varies as tbe sine 
of the corresponding phase-sequence angle, the peak am» 
plitudes are each respectively shown in Fig. 14 as equal 
to the peak amplitude kot the alternating unit voltage in 
duced in the said unit number of conductors multiplied 
by the sine of the corresponding phase-sequence angle. 
The component voltages induced in the negative col~ 

lcction of transformerecore slots 10 to 18 are duplicates 
of those induced in the positive collection ot transformer» 
core slots 1 to 9, and will bc represented by sinusoidal 
curves that are duplicates of, and supcrposed upon, the 
respective sine curves E1 to E9. 
The component voltages induced in the conductor 

groups disposed in the transformer-core slots of the single 
collection of transformer-core slots 1 to 9, represented 
by the curves E1 to Es, respectively, will add, in the series 
distributed-secondary-phaseewinding circuit described, to 
produce the resultant voltage represented bythe curve 
En of Fig. 14. This voltage addition may be expressed 
by the equation 

By substitution, this resultant voltage may be expressed, 
in terms of the original unit voltages, as 

Ezezei sin 10°+e2 sin 30°l~e3 sin 50° . . . +69 sin 170° 
(2) 

The analytical treatment will now be taken up in 
connection with the more general problem of a trans 
former system having a two-collection assembly of n 
transformencore slots and, therefore, with the n conduc 
torgroups of the phase l secondary phase winding respec~ 
tively disposed therein, and also with the alternating com 
ponent voltages induced in those conductor groups, respec 
tively represented by sinusoids of the nature illustrated 
by Fig. 14. It will therefore be assumed, in Fig. l5, that 
the range 

x-:Z-rr 

on the X axis of abscissae, has been divided up into n 
equal intervals. It will be assumed also that the ordi 
nates of the component sinusoidal curves of Fig. l5 are 
each zero, changing from negative to positive, at 

x=m 

where m is any integer from l to the total number n. 
Let the sine curve .representing both the unit voltage 

es and the component voltage Es of Fig. 'l5 be represented 
by the equation 

Then tbc cfiuatiou ot the mth sine curve, representing the 
alternating component voltage induced in the conductor 
group disposed in the mth transformer-core slot, is 

27x” . 27V 
'y--cos r-m S111 .7J-«m 

n n 

The equation of the resultant composite curve repre~ 
scnting the addition of all these component sine curves 
`is therefore equal to the sum of the individual equatiinis 
of these component sine curves and this reduces to 

Íny . . 

Eurî sin rc (à) 
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In the phase l distributed secondary phase winding 

comprising two collections of conductor groups illus 
trated in Fig. 3, therefore, the alternating component 
voltages induced ir. the var. us conductor groups will 
add their contributions to produce sinusoidal resultant 
composite voltage ER ot the same frequency and phase 
as either the alternating unit voltage or the component 
volt-age induced in the central transformer-core slot 5. 
The peal: amplitude of this sinusoidal resultant composite 
voltage En is equal to the peak amplitude of either the 
unit voltage or the component voltage induced in the 
central transformer-core slot 5 multiplied by one-half the 
total number ot transformer-core slots in the two-collec 
tion assembly. ln Fig. 3, this total number is 1S, and 
one-halt that number is 9. 
When the total number of transformer-core slots in a 

two-crllection assembly is even, the two collections of 
groups are necessarily duplicates and equal 

contributions are therefore attorded from both collec» 
tions. The resultant or composite voltage induced in a 
distributed secondary phase winding comprising only a 
single collection of conductor groups, as illustrated in 

2, 7 and ll, may therefore be expressed by the 
equation 

__Q  
E12-_4 sm a: 

or by the equation 

E122? sin :ß (4) 
where N is the number of component voltages induced 
in the conductor groups of a single-collection-assembly 
transformer arrangement. 

It may be shown that the equation thus derived for the 
composite sinusoidal voltage En induced in the phase 1 
distributed phase winding of Figs. Z, 3, 7 and 11, is ap 
plicable also to arrangements wherein no transformer 
core slots are alined with the reference center lines 

02 
or reference zero lines Z.L. and to sinusoidally distributed 
phase windings which are in different orientation with 
respect to the transformer-core slots. 

In certain practical applications of the present inven 
tion, the voltages impressed upon the primary phase 
windings 1a’ to 18d of Figs. 2, 3 and 7 are of the same 
Wave form and the same peak amplitude, but they are not 
sinusoidal. In such applications, the component voltages 
induced in the conductor groups of the distributed sec 
ondary phase windings are of the same non-sinusoidal 
wave form. The peak amplitudes of these non-sinusoidal 
component voltages, like the peak amplitudes of. the 
sinusoidal. component voltages heretofore described, are 
proportional to the numbers ot conductors ot the con 
ductor groups in which they are respectively induced. 
Despite their non-sinusoidal wave form, however, if the 
numbers of conductors of each distributed secondary 
phase Winding changes as the sine, and the direction of 
winding varies alternately with, and with the negative 
of, the sign thereof, thc resultant composite voltage will 
still be very nearly sinusoidal. This arises from the fact 
that most of the harmonics present in the component 
voltages are suppressed in the sinusoidally distributed sec~ 
ondary phase windings and therefore do not appear in the 
composite output voltages. I ust what harmonics are sup 
pressed depends upon the number of component voltages, 
magnetic circuits or transformencore slots. 

It will be demonstrated, by summing separately the 
respective harmonics of the non-sinusoidal component 
voltages. that most of the harmonics of these non 
sinusoidal component voltages cancel in the sinusoidally 
distributed secondary phase winding and that, `for this 
reason, the composite voltage curve is substantially sinus 
oidal. This will be done analytically for the general 
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case of a transformer system of the present invention 
provided with a two-collection assembly of n transformer 
core slots. 
The curves E1 to E9 of Fig. 14, previously described 

as representing the component voltages respectively in« 
duced in the conductor groups of the phase 1 distributed 
secondary phase winding disposed in the transformer-core 
slots 1 to 9, when these component voltages are assumed 
sinusoidal, may now therefore be regarded as represent 
ing also the fundamental voltages of the component 
voltages when the component voltages are assumed non 
sinusoidal, 
Because the non-sinusoidal component voltages induced 

in the transformer-core slots are of the same wave form, 
they are all known to contain fundamental and harmonic 
voltages respectively of the same frequency and in ex 
actly the same ratio. It is therefore possible to represent 
any harmonic voltage of any amplitude H, of any 
harmonic order h, in any desired phase relation ,8, in 
duced in the conductor group of the phase 1 distributed 
phase winding disposed in the mth transformer-core slot 
by the equation 

This equation introduces an angle 0 to represent the 
general case in which the transformer-core slots are 
displaced by that angle from the position shown in the 
drawings. In that position, of course, 6:0. v 
The sum of the harmonic voltages of the harmonic 

order h induced in the conductor groups of the phase 1 
distributed secondary phase Winding comprising two col 
lections of conductor groups accordingly becomes rep 
resented by the equation 

It may be shown that this equation equals zero, except> 
when hil is any whole number k multiplied by n, the 
number of transformer-core slots in the two-collection 
assembly of transformer-core slots, or 

h_-knil 
In either of these two latter cases, the equation reduces to 

i/:grr sin [mwa-ß) i0] <5) 
All other harmonics of the non-sinusoidal component 
voltages cancel in the sinusoidally distributed secondary 
phase winding. 
The transformer system shown in Fig. 2, as previously 

explained, performs in exactly the same manner as each 
of the two like collections of the two-collection assembly ‘ 
of Fig. 3, and the same harmonics are therefore cancelled. 
Similar considerations apply to the cancellation of the 
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harmonics in the sinusoidally distributed phase 2 and ' 
phase 3 windings of Figs. 2 and 3, and the phase 1 and ‘ 
phase 2 sinusoidally distributed phase windings of Fig. 7. . 

It is well-known that the third harmonic and the odd 
multiples of the third harmonic can be readily cancelled 
in a three-phase electric system. ' An important feature 

60 

of the present invention, however, resides in providing " 
a transformer system in which further selected harmonics 
may be cancelled. To accomplish this, the transformer 
system of Figs. 2, 3 and 7 may be provided with four 
or more transformer-core slots in each collection of trans 
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former-core slots, and respective individual or concen f 
trated windings disposed therein. Since corresponding 
individual or concentrated windings of the various col 
lections may be excited from the same primary phase, 
for applications requiring the cancellation of harmonics, 
the transformer system of Figs. 2, 3 and 7 may be pro 

. , 11'8 . _, , . 

to >eìght,`not`shown, the harmonics h which do not cancel 
in the secondary windings are 

h=8kil 

or the 7th, 9th, 15th, 17th, 23rd and so on. Thus with 
only four transformer-core slots in each collection of 
transformer-core slots, not only the 5th, but also the 
11th, 13th, 19th, and other higher harmonics are can 
celled. As the number n of transformer-core slots is 
increased, the number of cancelled harmonics is also 
increased. In the transformer system of Figs. 2, 3 and 
7, wherein the number n of transformer-core slots is 
eighteen, for example, only the 17th, 19th, 35th, 37th 
and similarly spaced other higher harmonics remain 
uncancelled. ‘ 

A very pure composite sinusoidA is therefore obtain 
able, even when the alternating component voltages are 
not truly sinusoidal. Whatever deviation from the theo 
retical sine wave appears, in actual practice, at the out 
put terminals of the transformer system of the present 
invention, is confined to the higher harmonics, and to 
only a very few of those. , 

It is now in order to consider the operation of the 
.transformer system of the present invention under load 
conditions. The analysis above, based merely upon the 
alternating magnetomotive forces produced in the mag 
netic circuits of the magnetic system by the alternating 
current from the polyphase supply system in the primary 
windings 1d to 8d must be supplemented by the addi 
tional alternating magnetization etfected in these mag 
netic circuits by the secondary alternating currents in the 
conductor groups connected into the various phase-wind 
ing circuits. 
The currents of the distributed secondary phase wind 

ings each supplies a component magnetomotive force of 
the corresponding phase to each transformer-core slot that 
is proportional to the number of conductors of the con 
ductor group of that distributed secondary phase wind 
ing disposed in that particular transformer-core slot. 
The maximum magnetomotive force is accordingly con 
tributed to the transformer-core slot provided with a ~ 
conductor group of that distributed phase winding corn 
prising the maximum or unit number of conductors. 
This maximum magnetomotive force may be referred to 
as a unit magnetomotive force and its relative peak 
amplitude may be assumed equal to unity or 1.000, nu 
merically the same as the number of conductors of the 
conductor group. The relative peak amplitude of the 
,magnetomotive force contributed to any other trans 
former-core slot by the current of this same phase is ~ 
then similarly numerically the same as the number of 
conductors of the conductor group of this distributed 
secondary phase winding disposed in that transformer 
core slot. 

Referring to Fig. 16, with suitable choice of the origin 
of coordinates, the unit magnetomotive force contributed 
to vany transformer-core slot by the current of phase 1 
in an assumed unit conductor group of that phase dis~ 
posed in that transformer-core slot may be represented, 
disregarding the alternately opposite polarity, by the 
equation 

y=sinx 

The corresponding equation for the unit magnetomo 
tive force contributed to any transformer-core slot by 
the current of the qth phase in an assumed unit conductor 
group of that qth phase disposed in that transformer-core 
slot, disregarding the alternately opposite polarity, isvthen 
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vided with four or more individual or concentrated phase ' 
windings. 

‘When'the number n of transformer-core slots í's equal 

y=sin (zr-ggg) (6) 

The relative number of conductors in the conductor group j 
disposed in the central transformer-core slot of this dis 
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tributed secondary phase winding corresponding to the 
qth phase, however, is 

The magnetomotive force exerted in the central trans 
former-core slot by the current ofthe qth phase is there 
fore 

The totalmagnetomotive force contributed by the cur~ 
rents of all p phases to the central transformer-core slot 
is accordingly 

where the addition is taken` throughout the complete 
range of Zzr or 360 electric degrees corresponding to the 
total range of‘phase displacement of the p phases. This 
equation reduces to 

_.21 ' y 2 sm :c (7) 

rIÍhe total magnetomotiye force contributedby the cur 
rents of all p phases in the central transformerfcore, slot 
is therefore sinusoidal, of the samephase and frequency 
as the current of phase l, and with a peak amplitudel pro 
portional to half the sum of the p phases. 
The problem` will4 now` be solved for any other trans 

former-core T, the angle of which is S degrees re 
moved fromy the positive reference zero line -l-Z. L., asl 
illustrated in Fig. 16. It has already been stated that, 
disregarding the alternately opposite polarity, the unit 
magnetomotive force of the current of the qth phase in 
any transformer-core slot may be expressed by the equa 

The number ot` conductors of the conductor group of the 
qth distributed secondary phase winding disposed in the 
T transformer-core slot is 

The magnetornotive force of the current of the qth phase 
in the transformer-core slot T is therefore represented by 

and the total magnetomotive force contributed in the 
transformer-core slot T by the currents of all p phases is 

11:2 sin (S--z-íq) sin (zw-ggg) 
where the summation is again to be taken over the whole 
21r or 360 degrees corresponding to the total range of 
phase displacement` of the p phases. This equation re~ 
duces to 

J--2 cos (S«:c) (8) 

This equation, representing the magnetomotive force 
contributed to the transformer-core slot T by the currents 
in the conductor groups ofl all the sinusoidally distributed 
phase windings corresponding to all _n phases, therefore, 
represents precisely the same sinusoid described above 
by Equation 7, representing the magnetomotíve force 
contributed by the currents in the conductor groups of 
`all p sinusoidally distributed phase windings in thecen 
tral transformer-core slot 5, but displaced 

degrees in phase, where S is the slot angle of the trans 
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former-core slot T, measured with respect to the positive 
reference zero line -l-Z. L. 
The total magnetomotive forces contributed in the re 

spective transformer-core slots by the currents in the con 
ductor groups of all p sinusoidally distributed phase 
windings, therefore, are all sinusoidal, and, disregarding 
the alternately opposite polarity, equally phase-displaced. 
The peak amplitudes of these sinusoidal magnetomotive 
forces are proportional to half the number p of distri 
buted phase windings. 

In the polyphase transformer system of the present in 
vention, accordingly, a substantially sinusoidal compo 
nent magnetomotive force is supplied to each transformer 
core slot by the substantially sinusoidal alternating cur 
rent of each sinusoidally distributed phase winding. The 
yamplitude and the polarity of each of these component 
magnetomotive forces are determined respectively by the 
number of conductors of the conductor group in which 
it is produced and the direction of winding of these con 
ductors. Due to the displacement of the total angular 
ranges by means of which the relative numbers of con 
ductors of the conductor groups of the respective phase 
windings are determined, the combined or total mag 
netomotive forces contributed to the various transformer 
core slots are equally phase-displaced over the same 
total range of phase displacement as the primary cur 
rents and the alternating magnetomotive forces produced 
thereby. Unlike the primary ma gnetomotive forces, how 
ever, the secondary total magnetornotive forces are sub 
stantially sinusoidal. 
The magnetomotive-force contributions of the primary 

and secondary polyphase currents have the same phase 
displacement in each magnetic circuit, and the contribu 
tions from each of these two sources have the same peak 
amplitude and Wave form in each of the magnetic cir 
cuits. The resultant magnetic fluxes `ot the magnetic 
circuits encircling the transformer-core slots 1 to 18 are 
therefore of the same peak amplitude and wave form and 
they are equally phase-displaced over the characteristic 
total range of phase displacement of 180 magnetic de 
grees corresponding to each collection. This, as previ 
ously described, was the condition necessary to produce 
substantially sinusoidal equally phase-displaced composite 
induced voltages. 
The absolute phase relation of the magnetomotive 

forces of the polyphase current is determined by the power 
factor of the load. However, the resultant magnetic fluxes 
remain of like wave form, and the induced composite 
voltages remain substantially sinusoidal, irrespective of 
changes resulting from changes in the load and changes 
introduced by variations in the power factor of the load. 
For transformations between sinusoidal polyphase elec 

tric systems, the transformer system of the present inven 
tion> becomes greatly simplified. The theory relating to 
the phase windings is the same `as previously explained 
but, since present-day sinusoidal polyphase electric sys 
tems are provided with few phases, usually either two or 
three, the number of primary and secondary phase wind 
ings and the number of transformercore slots and mag 
netic circuits is correspondingly small. 

In Fig. 17, there is illustrated a unitary core 708 very 
similar to the unitary core 547 of Fig. 3, but provided 
with a two-collection assembly of only six transformer 
core slots 701 to 706 and with six corresponding mag 
netic circuits, one encircling each transformer-core slot. 
These magnetic circuits are excited in alternately op 
posite polarity to provide, disregarding the alternately 
opposite polarity, equal phase displacement of the mag 
netic circuits over the range 21r or 360 magnetic degrees, 
in increments of 60 magnetic degrees. 
The radial transformer-core sections, teeth or legs ’lll 

to 71,6 are shown, in Fig. 17, separated by the transformer 
core slots 701` to 706. Individual like or identical coils 
or windings are wound, all in the same direction, around 
the respective radial transformer-core sections, teeth: or 
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legs, adjacent to the peripheral section 88 of the core 708, 
through the two adjacently disposed transformer-core 
slots. Assuming, for the present, that these like or iden 
tical coils or windings are the primary windings, by using 
an alternately opposite direction of connection, they may 
be connected to, and energized from, a six-phase sym 
metrical electric system (not shown). In Fig. 17, how 
ever, they are shown corresponding to the phases 1 to 3 
of a three-phase electric system to which they may be 
respectively connected. When connected to the phases 1 
to 3, in the order indicated, the phase displacement of the 
resultant currents supplied to the transformer-core slots, 
and the phase displacement of the alternating magnetic 
ñuxes produced thereby, is the same as when the wind 
ings are energized from the above-mentioned six-phase 
symmetrical electric system (not shown). With this 
method of excitation, therefore, the resultant currents 
supplied to the transformer-core slots 701 to 706, and the 
alternating magnetic fluxes produced in the magnetic cir 
cuits respectively encircling the transformer-core slots, 
are equally phase-displaced around the circumference by 
increments lof 240 electric or magnetic degrees, or dis 
regarding the alternately opposite polarity, by increments 
of 60 electric or magnetic degrees. 
The transformer core 708 is also provided with sec 

ondary windings corresponding to» the phases of a two 
phase unsymmetrical electric system. These secondary 
windings, indicated in Fig. 17 as phase 1b and phase 2b, 
comprise two-collection assemblies of conductor groups 
the conductors of which are sinusoidally distributed in ‘» 
the manner previously described. 
The positive reference zero line +Z.L. is shown in Fig. 

17 alined with the transformer-core slot 701. The geo 
metric-sequence or phase-sequence angles associated with 
the transformer-core slots 701 to 706 are therefore re 
spectively equal to 0, 60, 120, 180, 240 and 300 degrees. 
The relative numbers of conductors of the conductor 
groups of the secondary phase winding corresponding to 
the phase 1b of the two-phase electric system, disposed in 
the transformer-core slots 701 to 706, are therefore shown 
equal to 0.000, 0.866, 0.866, 0.000, 0.866 and 0.866, re 
spectively. The 0.866 relative number of conductors dis 
posed in each of the transformer-core slots 702 and 703 
is obtained from Ia single 0.866 coil wound in these trans 
former-core slots around the radial transformer-core sec 
tion or leg 712. Similarly, the 0.866 relative number of 
conductors disposed in each of the transformer-core slots 
705 and 706 is obtained from a single 0.866 coil wound 
through these transformer-core slots around the radial 
transformer-core section or leg 715. The relative num 
ber of conductors of the conductor groups disposed in 
the transformer-core slots 701 and 704 is equal to 0.000, 
the sine of 0 and 1r or 180 degrees, respectively, and no 
actual physical coil, corresponding to phase 1b `of the 
two-phase electric system, is therefore shown disposed in . 
these two transformer-core slots. 
The series circuit of the distributed secondary phase 

winding corresponding to phase 1b of the two-phase 
electric system may be traced from a line conductor 721 
through the 0.866 transformer-secondary-winding coil 
wound in a positive direction through the transformer-core 
slot 703 and in a negative direction through the trans 
former-core slot 702, and, by way of the conductor 722, 
through the 0.866 transformer-secondary-winding coil 
wound in the positive direction through the transformer 
core slot 706 and the negative direction through the trans 
former-core slot 705, to the line conductor 723. The con 
ductor 722 provides the change from the alternately op 
positedirection of winding, as required by the change in 
the sign of the sine function. 
The angular range corresponding to phase 2b of the 

two-phase electric system is displaced 1r/2 or 90 degrees 
in the direction of the phase-sequence. The decimal 
fractions representing the numbers of conductors of the 
conductor groups of the distributed phase winding cor 
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22 
responding to this phase 2b disposed in the transformer 
core slots 701 to 706 are therefore equal to 1.000, 0.500, 
0.500, 1.000, 0.500 and 0.500, the absolute values of the 
sine of 270, 330, 30, 90, 150 and 210 degrees, the geo 
metric-sequence or phase-sequence angles associated with 
the transformer-core slots 701 to 706 decreased by 1r/2 
or 90 degrees, respectively. These relative numbers of 
conductors are obtained by means of four coils, each of 
0.500 relative number of turns, respectively wound around 
the radial transformer-core sections or legs 711, 713, 714 
and 716 of the transformer core 708. 
The series distributed phase-winding circuit of this 

phase winding corresponding to phase 2b of the two 
phase electric system may be traced from a line conduc 
tor 727b, through the 0.500 transformer-secondary-wind 
ing coil wound in the transformer-core slots 703 and 704 
about the radial transformer-core section '713, by way of 
a conductor 728, through the 0.500 transformer-secondary 
winding coil wound in the transformer-core slots 704 and 
705 about the transformer-core section or leg 714, by 
way of a conductor 729, through the 0.500 transformer 
secondary-winding coil wound in the transformer-core 
slots 706 and 701 about the transformercore section or 
leg 716, and, by way of a conductor 726, through the 
0.500 transformer-secondary-winding coil wound in the 
transformer-core slots 701 and 702 around the trans 
former-core section or leg 711, to a line conductor 727:1. 
The relative number of conductors is therefore 1.000 for 
the transformer-core slots 701 and 704, and 0.500 for 
the transformer-core slots 702, 703, 705 and 706. 

Fig. 18 represents one of the two identical half-por 
tions of lthe arrangement of Fig. 17. This half-portion 
comprises the radial transformer-core sections, teeth or 
legs 711, 712 and 713 of the transformer core 708, each 
separating two adjacently disposed transformer-core slots 
of the transformer-core slots 701, 702 and 703. Three 
like or identical primary windings, corresponding to the 
phases l to 3 of the three-phase electric system, are 
wound ̀ around the transformer-core sections or legs 713, 
712 and 711, respectively. Corresponding portions of 
the distributed secondary windings corresponding to the 
phases 1b and 2b of the two-phase electric system are 
also wound around the legs 711, 712 and 713. The por 
tion of the distributed secondary winding corresponding 

" to phase 1b of the two-phase electric system comprises 
the line conductor 721, the 0.866 coil wound around the 
radial transformer-core section or leg 712, and the con 
ductor 722 which, in Fig. 18, is represented also as a 
line conductor. The portion of the distributed second 
ary winding corresponding to phase 2b of the two-phase 
electric system comprises the conductor 726, the 0.500 
coil wound around the radial transformer-core section or 
leg 711, a single conductor 727, the 0.500 coil wound 
around the radial transformer-core section or leg 713, 
and a conductor 728. The 0.500 coils of the distributed 
secondary winding corresponding to phase 2b of the two 
phase electric system are connected in series in such 
manner that the single conductor 727 replaces the con 
ductors 727a and 7271) of Fig. 17, and the conductors 
726 and 728 are shown as line conductors. 
The magnetic circuits encircling the transformer-core 

slots 701 to 703 of Fig. 18 are represented by means of 
the dashed lines 717 to 719, respectively. 
The transformer system illustrated by Fig. 18, like 

thatv of Fig. 17, therefore, provides for a transformation 
between a three-phase system and a two-phase system. 
The theory of operation, as explained in connection 

with the transformer systems illustrated in Figs. 2, 3, 7 
and 11, is applicable also to the transformer systems of 
Figs. 17 and 18. Since the primary voltages are sinus 
oidal, however, there will not be any harmonics to cancel; 
though it will be observed that, if the primary voltages 
were non-sinusoidal, the third, ninth, and the other triple 
harmonics would cancel in the distributed secondary phase 
























